Abstract -Dairy powders are mainly obtained by spray drying, which is an effective process as it makes possible long-term storage at an ambient temperature. However, the control and design of this operation is still based on empirical knowledge. Improvement in product quality, which is governed by time/temperature history, thus involves greater understanding of the process via physico-chemical, thermodynamic and kinetic approaches. With regard to the latter, the residence time distribution (RTD) of the product provides valuable information about the product flow pattern in the dryer according to the operating conditions. The aim of this study was to determine the RTD of skim milk in a drying plant with different configurations, according to fine particle recycling (top of the chamber or internal fluid bed) and internal fluid bed thickness (4 to 16 cm). The RTD signal of the atomisation device was established first; then the RTD signals of the different spraydryer configurations were obtained by deconvolution of the experimental curves obtained and the RTD signal of the atomisation device, and modelled according to a combination of four reactor sets. The mean residence time of the product was only slightly modified by the dryer configuration (range 9.5 to 12 min). However, the results showed that a thicker internal fluid bed tends to increase mean residence time due to higher product retention, whereas top recycling of fine particles tends to decrease the mean residence time because of better agglomeration. RTD modelling provides additional information concerning the product flow rate fraction and the residence time distribution of each part of the dryer (chamber, cyclones and fluid bed), indicating that 60 to 80% of the powder passes through the cyclones, depending on the configuration. This study provides greater understanding of dryer operation, and allows further correlation between process parameters and biochemical changes (protein denaturation, Maillard reaction, etc.).
INTRODUCTION
Most dairy powders are currently obtained by spray drying, which consists of spraying the concentrated dairy liquid (skim and whole milk, whey, dairy fractions resulting from membrane filtration and chromatographic separation) in droplets of about 50 μm diameter into a large drying chamber where it is mixed with air heated to 200
• C. As the droplet dries, its temperature gradually rises from the wet bulb temperature until it reaches the temperature of the surrounding outlet air, i.e. it remains below 100
• C. Classical spray-dryers are combined with a fluid bed, which usually agglomerates the fine powder coming from the drying chamber in the wet zone, completes the drying process and cools the powder. In recent 3-stage installations, another fluid bed (internal) with agglomeration and additional drying functions is included at the bottom of the drying chamber [4, 9] .
The final powder quality includes general properties (moisture content and biochemical composition, water activity, sensorial quality, etc.) and properties depending on the process parameters (rehydration, constituent denaturation, granulometry, flowability, floodability, hygroscopicity, stickiness, cakiness, density and colour). These latter properties are mainly determined first by the agglomeration process and then by the time/temperature history of the product in the system, including the preliminary steps (heat treatment, membrane separation, evaporation, etc.). They are also dependent on the water content, because droplet temperature and water content are connected. Moreover, the rate of enzymatic and chemical changes depends on factors such as water content, temperature and time. It is therefore necessary to consider these three parameters in order to control thermal damage of constituents and process-dependent properties. Since drying occurs within a few seconds, the thermal damage is often considered as limited. However, the flow pattern of 2-and 3-stage installations (including recycling of fine particles) results in a longer processing time, and makes it difficult to predict the residence time distribution of the product in the dryer, because of varying particle sizes and unknown recirculation. Moreover, the control and design of this operation is still based on empirical knowledge and relies heavily on user and designer experience [5] . There have been few scientific studies to date making it possible to optimise drying operating conditions and equipment design in terms of energy costs and powder quality [6] . Some recent publications have proposed tools based on physico-chemical and thermodynamic findings in order to prevent sticking in the drying chamber and to control powder quality [7] . Different methods can be considered in order to determine the residence time of the product in the system, which is a necessary step for drying control. Computational fluid dynamics (CFD) allow study of the consequences of modifications in operating conditions (temperature, flow rate) and process configuration with regard to particle characteristics (temperature, water content) and trajectories in the dryer [3, 10] . On the basis of process knowledge, and by using appropriate physical laws, this numerical approach can provide very precise local information. However, the model construction needs subsequent simplifications involving either the evolution of the product characteristics (e.g., density or porosity) or the process (heat or mass transfer laws). Moreover, several experiments are required to determine unknown model parameters and to verify hypotheses (boundary conditions), and model validation therefore remains difficult.
However, determination of the product residence time distribution (RTD) is an overall and experimental approach which provides valuable information about the product flow pattern in the dryer, according to the operating conditions [11, 12] . It consists of following a tracer introduced before the dryer inlet until the dryer outlet; the signal obtained can be numerically deconvoluted in order to provide specific RTD signals of the different sections of the equipment. It does not provide a physical understanding of the operation as CFD does, but on the other hand, it integrates the product and process complexity fully. In this sense, this method provides overall understanding and management of the flow pattern in the dryer, as well as additional information on CFD in order to optimise drying operating conditions and equipment design. Moreover, measurement of RTD in a dryer plant has never been previously published to our knowledge.
The aim of this study was to determine the RTD of the skim milk in a drying plant with different drying configurations, with regard to the recycling of fine particles (top of the chamber or internal fluid bed) and the internal fluid bed thickness. The RTD signals obtained corresponded to the overall response of the dryer. Their modelling was then undertaken according to a combination of plug flow reactors in order to obtain a physical interpretation of the operation of each dryer section (chamber, internal fluid bed, cyclones, etc.).
MATERIALS AND METHODS

Spray-drying experiments
Skim milk powder was recombined into 40 (±1)% (w/w) dry matter prior to drying. Spray drying was performed at Bionov (Rennes, France) in a 3-stage spray-dryer plant with an evaporation capacity of 70 to 100 kg·h −1 ( Fig. 1 ; GEA, Niro Atomiser, St Quentin-en-Yvelines, France), according to Schuck et al. [8] . Five experiments were performed, corresponding to different spray-drying configurations related to fine particle recycling (top of the chamber or internal fluid bed) and the internal fluid bed thickness (thin or thick; Tab. I and Fig. 2 ). Configuration ❸ was tested twice, in order to assess the experimental reproducibility. The atomiser was equipped with a pressure nozzle (0.73 mm diameter orifice; n
• 69) and a 4-slot core (0.51 mm nominal width; n • 421), providing a 60
• spray angle. The temperature of the concentrate before drying was 50
• C, and the concentrate flow rate was 94.5 ± 5.6 L·h −1 . The inlet air flow rate and outlet air temperature were 3715 ± 101 kg·h −1 and 88.0 ± 0.7
• C, respectively. The internal fluid bed temperature and external fluid bed temperature (first and second part) were 74.3 ± 0.3
• C, 34.4 ± 0.3
• C and 19.9 ± 0.1 • C, respectively.
Chemical and physical analysis
Solid concentration and free moisture content were calculated according to weight loss after drying 1.5 g of the Table I . Experimental spray drying conditions. sample mixed with sand in a forced air oven at 105
Configuration
• C for 5 h (powder) or 7 h (concentrate). Sodium chloride content (NaCl) was based on chloride measurement, and determined by conductimetry using a silver electrode (Corning 926, Humeau, La Chapelle, France). Powder particle D (0.5) diameter (median diameter) measurements were assessed by laser granulometry (Mastersizer 2000, Malvern Instruments, Malvern, UK) and the uniformity index was calculated according to Carr [2] .
Determination of RTD and modelling
RTD characterisation was based on measurement of NaCl concentration; 20 kg of tracer, corresponding to a skim milk concentrate of 40% (w/w) dry matter to which 1.2% of NaCl were added, were used for each experiment. All the powder was collected at the dryer outlet for 80 min after tracer injection, each sample corresponding to the quantity of powder exiting every 2 min. Sodium chloride concentration at the inlet and the outlet was obtained by chloride measurement, and determined by conductimetry using a silver electrode. It was then possible to plot sodium chloride concentrations according to time. The tracer was placed in a tank connected to the feed line with a three-way valve, so that the shape of the injection signal could be considered as square.
In order to determine the specific RTD function of the tower, we used the following experimental strategy. First, the RTD signal (E ad (t)) of the atomisation device (corresponding to injection pump, filters and nozzle) was established. After 2 min of tracer injection, the NaCl content was measured over time by the continuous and full sampling of skim milk at the nozzle outlet, on a 30-s period basis: this provided the experimental output signal (y(t)). E ad (t) was obtained by numerical deconvolution of y(t) by the injection square signal (x(t)).
It was then possible to calculate the response of the atomisation device to a tracer injection of any sort. For a given tracer square signal (δ(t)), the corresponding injection x(t) signal at the atomisation device outlet (i.e., at the tower entrance) was obtained by convolution of E ad (t) and δ(t).
Finally, the E(t) RTD signals of the spray-dryer in the different configurations were determined by numerical deconvolution of the experimental y(t) output signal (corresponding to an experimental particle RTD of the complete system [atomisation device + tower]) and the x(t) injection signal. Having determined E(t), it was then possible to calculate the residence time of each fluid element, and conversely, the time, t, at which a certain fraction of the material entering at t = 0 is no longer present in the equipment. The mean residence time, τ, corresponds to the time when 50% of the material entering at t = 0 has passed through the equipment.
The modelling of the RTD functions by a combination of plug flow reactor sets was constructed on physical bases in order to take into account the fine particle recycling at the top of the chamber or internal fluid bed (model A or B; Fig. 3 ). Model A was used for fluid bed recycling: the product passes through the first reactor set, and then continues on its way with parallel recirculation in three other reactor sets. On the other hand, top recycling of fine particles corresponds to model B: the product passes through the first reactor set combined with parallel recirculation in the second reactor set, and then continues on its way with parallel recirculation in two other reactor sets.
Whatever the model, Q is the product flow rate through the equipment, and a i refers to the Q fraction going into the i th reactor set. Each reactor set includes J i plug flow reactors in series, and can be characterised by a mean residence time (τ i ). Its own E i (t) RTD function is defined by:
The number of plug flow reactor sets and the three parameters of each reactor set (a i , J i and τ ι ) were adjusted step by step in order to correspond to the experimental
E(t) RTD functions obtained for the different configurations, according to model A (Eq. (2)) or B (Eq. (3)):
where ⊗ is the convolution product.
It should be noted that 4 plug flow reactor sets are required and are sufficient for the modelling of E(t), whatever the configuration. Model accuracy was evaluated by the standard deviation between the model and experimental RTD curves.
RESULTS AND DISCUSSION
Powders
The different powders obtained showed the same biochemical results, with no significant differences between powder a w and dry matter (96. This point is important because the smaller the powder diameter, the higher the powder flowability in the retention zones such as rotary discharge valves; it can thus affect the powder residence time distribution in the equipment. The difference observed can be explained by the fact that top fine particle recirculation increases agglomeration, a cloud of fine particles being formed in the direct environment of the liquid droplets. On the other hand, agglomeration is limited with fluid bed recirculation, in which case the fine particles are mixed with almost dried particles. The smaller D (0.5) value obtained for configuration ❹ can be attributed to the higher atomisation pressure in this case (Tab. I), resulting in smaller droplets during atomisation.
Atomisation device RTD
First, the RTD of the atomisation device was assessed. Figure 4a represents the 2-min tracer injection (x(t)) and the output 
signal (y(t)). The areas of y(t) and x(t)
are normalised by the overall tracer mass. The deconvolution of y(t) by x(t) gives E ad (t) (Fig. 4b) . As previously stated, this curve is a probability distribution: for example, the probability of a fluid element remaining in the atomisation device for 3 min is 0.2. The RTD signal increases rapidly at t 0 + 2.5 min, the maximum is reached at t 0 + 4 min and the trail ends at around 18 min. The mean residence time is 4.5 min.
Tower RTD
It is thus possible to simulate the x(t) injection signal at the injection device outlet, i.e. the tower entrance. For configuration ❶ (thin fluid bed/fine particle recirculation on fluid bed), x(t) was calculated by convolution of E ad (t) and the tracer δ(t) 10 min square signal: Figure 5a represents δ(t), x(t) and the y(t) output signal obtained for this configuration. Deconvoluting y(t) by x(t) gives the RTD function E(t) (Fig. 5b) for the tower. This figure shows that some powder particles leave the tower almost immediately, whilst others remain in the installation for more than 70 min (end of the trail). The mean residence time is 12 min for this configuration. This is in close agreement with the mean time of the output signal y(t), which is here 22 min, and corresponds to the sum of the mean residence time of the square signal (5 min), the atomisation device RTD (4.5 min) and the tower RTD (12 min).
The E(t) functions corresponding to configurations ❷ (Fig. 6a) , ❸ (Fig. 6b) and ❹ (Fig. 6c) were obtained in the same way. Figure 6b shows E(t) functions obtained for configuration ❸ in replicate, compared with that obtained for configuration ❶ (black dotted line). The reproducibility of the results is satisfactory, as the two curves are almost merged. From E(t) functions, it is possible to determine the mean residence time (τ) for each configuration. τ is 12 min for configurations ❶ and ❷, 9.5-10 min for configuration ❸ and 11 min for configuration ❹.
It clearly shows that the mean residence time is in the same range whatever the configuration, as these differences are very small when compared with the time range of E(t) functions (up to 70 min). However, the τ values can be discussed in relation to internal fluid bed thickness and to location of fine particle recycling.
Configurations ❷ and ❸ differ by internal fluid bed thickness. It can therefore be concluded that increasing the fluid bed thickness tends to increase the residence time. This can be explained by the fact that the internal fluid bed is a place where the powder remains for a certain time, and the thicker the fluid bed, the greater the mass of powder retained.
On the other hand, configurations ❶ and ❸ differed in the place where the fine particles were recycled. As compared with fine particle recycling on the fluid bed, the top recycling of fine particles greatly reduced the mean residence time. This can be attributed to better agglomeration, which reduces the trail of the RTD signal (Fig. 6b) . These results were not expected, in the sense that adding a recirculation to the system configuration should result in longer residence time. This was probably due to the specific nozzle configuration of the dryer, where the fine particles are directly recycled on the spraying cone. In the case of an industrial drying plant, where the cloud of fine particles is recirculated in the environment of several nozzles, the fine particle agglomeration, and hence the benefit of top recycling on mean residence time, should be lower.
Finally, the medium τ value of configuration ❹, despite the thick fluid bed and fine particle recycling on the fluid bed, which corresponded to the most unfavourable configuration, could be attributed to the low D (0.5) value of the powder obtained in this case. Indeed, the fluid bed thickness was very difficult to maintain in this trial, because of lower retention of the powder by the rotary discharge valve at the fluid bed outlet. This result highlights the strong link between process parameters and product quality, a slight modification of one parameter (e.g., higher atomisation pressure) leading to a different product (reduced median diameter), and hence modified behaviour in the equipment (medium τ value). Table II gives the standard deviation between model and experimental RTD measurements for the different configurations considered. Table III and reproducibility of the model is satisfactory, considering the very low standard deviations obtained.
RTD modelling
In general, and considering one reactor set, the model parameter values were similar whatever the configuration. Nevertheless, certain differences can be discussed, in order to provide a physical understanding of the operation of each dryer section.
The a i value of the first reactor set is one, which means that the whole product enters this reactor. It can therefore represent the chamber.
The τ i values of the second reactor set range from 6 to 7 min for configurations ❶ and ❹ to 1 min for configurations ❷ and ❸. In other words, the ratio of first to second reactor set τ i values is 6 for configurations ❷ and ❸. This is in close agreement with the measured fine particle recirculation flow rate (253 ± 12 kg·h −1 ) to powder flow rate (close to 37 kg·h −1 ) ratio, which is 6.7. The second reactor set could thus act as the cyclones and the fine
